INTRODUCTION
Oxytricha trifallax harbors two types of nuclei within its single cell: a somatic macronucleus and a germline micronucleus. In each sexual conjugation cycle, the old somatic nucleus disintegrates, and a new soma develops from the germline. The germline genome contains large quantities of so-called ''junk'' DNA, including transposons, satellite repeats, intergenic sequences, and internally eliminated sequences (IESs), all of which undergo programmed deletion during somatic nuclear development. This compresses the 1 Gb germline genome to a gene-dense somatic genome of only 50 Mb. Severe chromosome fragmentation necessitates events that fuse and reorder the tens of thousands of gene pieces remaining (macronuclear-destined sequences, MDSs). Lastly, telomere addition and amplification produce mature macronuclear ''nanochromosomes,'' typically 3 kb bearing just one gene (Prescott, 2000; Swart et al., in revision) .
The precise and reproducible DNA rearrangements in Oxytricha, as well as other ciliates, show a prominent pattern of maternal inheritance (Chalker and Yao, 1996; Duharcourt et al., 1995) mediated by noncoding RNAs (Lepè re et al., 2008; Mochizuki et al., 2002; Nowacki et al., 2008; Yao et al., 2003) . In the distantly related ciliates Tetrahymena and Paramecium, a class of small RNAs (sRNAs) called scanRNAs (scnRNAs) derive from the germline and scan the macronuclear genome or transcriptome for sequence identity, leaving sRNAs that lack matches in the macronucleus (and thus are micronuclear limited) to target germline-specific DNA for deletion during nuclear development (Lepè re et al., 2008; Mochizuki et al., 2002) . We previously demonstrated that long noncoding RNA templates from the maternal somatic nucleus guide whole-genome reorganization in Oxytricha (Nowacki et al., 2008) . However, abundant 27 nt sRNAs also accumulate during conjugation (Figures 1A and 1B) , suggesting a role for sRNA pathways during Oxytricha genome rearrangement, which we investigate here.
sRNAs, in association with an Argonaute/Piwi family protein, can act as sequence-specific guides to regulate gene expression and chromatin structure (Bartel, 2004; Zamore and Haley, 2005) . The subclass of Piwi-interacting RNAs (piRNAs) is abundant in the animal germline, and its best understood function is transposon silencing (Brennecke et al., 2007; Carmell et al., 2007; Grimson et al., 2008; Houwing et al., 2007; Malone and Hannon, 2009; Saito et al., 2006; Vagin et al., 2006) . In Drosophila, maternally deposited piRNAs can prime piRNA production and transposon immunity in daughters, underscoring a role for piRNAs as epigenetic information carriers (Brennecke et al., 2008) . Much less is known about piRNAs that do not map to transposon or repetitive DNA, despite the fact that such piRNAs can be overrepresented, for example, in mammalian testis (Aravin et al., 2006; Girard et al., 2006; Grivna et al., 2006; Lau et al., 2006; Watanabe et al., 2006) . Deep sequencing revealed piRNAs that map to both 3 0 untranslated regions (UTR) and coding regions of unique sets of transcripts, suggesting a role in gene-expression regulation (Gan et al., 2011; Robine et al., 2009) . However, functional evidence is lacking, except for case studies (Rajasethupathy et al., 2012; Rouget et al., 2010; Saito et al., 2009) . A recent study in plant and human cells uncovered a surprising role for sRNAs in double-stranded DNA (C) Phylogenetic analysis of Piwi proteins suggests that Otiwi proteins form two major clades. Archaeal Argonaute proteins were used as outgroups for eukaryotic proteins. Otiwi clade I (Otiwi1-4 and 11) members are labeled orange, and Piwi subfamily members from animals and Dictyostelium are labeled red. Otiwi1, which associates with 27 nt sRNAs in Oxytricha, is indicated by a star. Green: Otiwi clade II (Otiwi5-10, 12, and 13), whose precise phylogeny is not resolved with high confidence (low bootstrap value on relevant nodes); blue: Ago subfamily of Argonaute proteins from plants, fungi, and animals. Bootstrap values greater than 60% are shown. (dsDNA) break repair, relating sRNA function to genome integrity (Wei et al., 2012) . Here, by studying Oxytricha, a microbial eukaryote that serves as a paragon for investigations of genome rearrangement, we suggest a genome-wide protective role for piRNAs that map to genic regions. We show that Oxytricha piRNAs derive from the somatic genome, and localization of the associated Piwi protein shifts from the maternal to the developing somatic nucleus during genome rearrangement. Furthermore, injection of sRNAs targeting normally deleted regions leads to their retention in the sexual offspring across multiple generations, demonstrating a role for these piRNAs in transgenerational epigenetic inheritance.
RESULTS

nt sRNAs and Otiwi1 Coexpress and Interact during Early Conjugation
A time-course examination of total cellular RNA identifies an abundant class of 27 nt sRNAs exclusively expressed during early conjugation ( Figure 1A) . A much less abundant class of 21 nt sRNAs are also detectable by radioactive labeling (Figure 1B ) but present in both vegetative and conjugating cells (Figure 1B) and could be small interfering RNAs (siRNAs) involved in gene silencing, like the 23-24 nt siRNAs in Tetrahymena (Lee and Collins, 2006) and Paramecium (Lepè re et al., 2009) . Here, we focus on the development-specific 27 nt sRNAs. To probe the function of these sRNAs, we first analyzed Argonaute proteins in Oxytricha. We used Tetrahymena Twi1p protein as a query and retrieved 13 Oxytricha homologs (Otiwi1-13) from the macronuclear genome assembly (Swart et al., in revision) . This number of Argonaute proteins is comparable to that in Tetrahymena (Couvillion et al., 2009) and Paramecium (Bouhouche et al., 2011) but higher than that in most metazoa, reflecting the richness of sRNA-based regulation in single-celled ciliates. The 13 Oxytricha homologs form two clades ( Figure 1C ). Clade I (Otiwi1-4 and Otiwi11) groups more closely with Piwi subfamily proteins from metazoa and Dictyostelium, and their messenger RNA (mRNA) show elevated expression levels during conjugation, based on RT-PCR analysis ( Figure 1D ). In addition, expression levels of Otiwi1 and Otiwi4 are higher in early conjugation, whereas Otiwi2, 3, and 11 are more restricted to late conjugation ( Figure 1D ). Expression of the clade II Otiwi mRNAs, by contrast, is relatively constitutive across vegetative growth and conjugation ( Figure 1D ).
Use of an antibody that, based on mass spectrometry, primarily recognizes Otiwi1 ( Figure S1 and Table S1 available online) confirmed that the Otiwi1 protein interacts with the 27 nt sRNAs throughout early conjugation ( Figure 1E ). Based on this interaction, we denote Otiwi1-interacting sRNAs as a class of piRNAs in Oxytricha. Northern analysis suggests that Otiwi1 mRNA abundance peaks at 12 hr after mixing of mating types and then decreases as conjugation proceeds ( Figure 1F ). In western analysis, Otiwi1 protein levels become detectable at 12 hr and then peak at 18-24 hr post-mixing ( Figure 1G ), consistent with the 27 nt piRNA expression pattern ( Figures 1A and 1B (Pak and Fire, 2007; Sijen et al., 2007) and 27 nt sRNAs in Entamoeba histolytica (Zhang et al., 2008) are 5 0 polyphosphorylated. At the 3 0 end, plant miRNAs (Li et al., 2005) , animal siRNAs (Ameres et al., 2010) , and piRNAs (Houwing et al., 2007; Kirino and Mourelatos, 2007; Ohara et al., 2007; Saito et al., 2007) can be 2 0 -O-methylated, but animal miRNAs are not.
We therefore characterized end modifications of the Otiwi1-bound piRNAs in Oxytricha. Terminator exonuclease is specific to RNAs with a 5 0 monophosphate. Oxytricha piRNAs are sensitive to Terminator nuclease digestion, suggesting that they contain a 5 0 monophosphate ( Figure 1H ). b-elimination post periodate treatment shortens RNAs without 3 0 end modifications by one nucleotide, whereas RNAs with 3 0 end modifications are resistant to periodate treatment and thus remain the same size. Oxytricha piRNAs are not resistant to periodate oxidation, indicating a lack of 3 0 end modifications ( Figure 1I ). This is surprising because the stabilizing 3 0 end methylation is conserved in animal piRNAs (Houwing et al., 2007; Kirino and Mourelatos, 2007; Ohara et al., 2007; Saito et al., 2007) as well as Tetrahymena scnRNAs (Kurth and Mochizuki, 2009) . It is possible that Oxytricha piRNAs represent either a more ancestral state prior to the addition of 3 0 end modification, or that the end modification was lost in this lineage.
Structural studies of human Piwi PAZ domains suggest that a Piwi-specific insertion, not present in human Ago1, may facilitate formation of a larger binding pocket for the 3 0 end of RNA, permitting the Piwi PAZ domain to accommodate the 3 0 end methyl group on a piRNA (Tian et al., 2011 ). An alignment of Otiwi1 with human Piwi and Ago1 proteins suggests that Otiwi1 lacks this insertion ( Figure 1J and Data S1), consistent with the lack of 3 0 end methylation on Oxytricha 27 nt piRNAs.
Otiwi1 Localization Shifts from Parental to Developing Macronucleus
If piRNAs are important for Oxytricha genome rearrangement, we would expect to find the Otiwi1-piRNA complex in the developing macronucleus. Immunofluorescence suggests that Otiwi1 is absent from early conjugating pairs, when micronuclei begin See also Figure S1 , Table S1 , and Data S1. meiosis ( Figure 2A ; see also Figure S2A for details of the Oxytricha sexual cycle), but starts to accumulate in the maternal macronucleus in mid-to-late pairing stage ( Figure 2B ). Then Otiwi1 transiently localizes in both the cytoplasm and the developing macronucleus after fertilization ( Figure 2C ). Otiwi1 is abundant in the new somatic nucleus after pair separation ( Figure 2D ), and its abundance decreases during late development (Figure 2E) . This dynamic localization suggests that the Otiwi1-piRNA complex might transport piRNAs from the maternal nucleus to the developing nucleus where genome rearrangement occurs. In addition, a peptide competition assay with Otiwi1 and Otiwi4 C-terminal peptides further confirms that the antibody specifically recognizes Otiwi1 ( Figure S2B ).
Otiwi1 Is Essential for the Accumulation of 27 nt piRNAs and the Viability of Sexual Progeny
To test whether Otiwi1 is essential for new macronuclear development, we injected antisense phosphorothioate-backbone DNA oligonucleotides into cells 2-4 hr post-mixing of mating types. This significantly reduced Otiwi1 mRNA and protein levels compared to control-oligonucleotide injections ( Figure S3 ). The loss of protein signal after Otiwi1 knockdown (KD) also confirmed the antibody's specificity. Notably, KD of Otiwi1, but not Otiwi4, resulted in depletion of the 27 nt piRNAs at 18 hr ( Figure 3A ), suggesting that Otiwi1 is the main interacting partner of this class of Oxytricha sRNAs. It is possible that piRNAs are not stable in the absence of Otiwi1, or alternatively, that the 27 nt piRNAs require Otiwi1 for their biogenesis. Otiwi1 KD cells appeared normal at 12 hr post-mixing, but at 24 hr, 21% were arrested at pair stage, whereas only 1.8% were still pairs in control populations ( Figures 3B-3D ). At 24 hr, those that appeared to be morphologically normal exconjugants (donut-shaped) were less active compared to control cells and died 24-48 hr post-mixing, with a dramatic decrease in survival at 24-28 hr ( Figure 3B ). We also observed significantly more (p % 0.001) cells with rounded and less transparent morphology ( Figures 3G-3J ). These cells also showed degeneration of the developing macronucleus, the old macronucleus, and the micronucleus ( Figures 3G-3J ) and eventually disintegrated. It is possible that these spherical structures might be an intermediate stage where cells degrade their nuclei before cell death. We conclude that Otiwi1 is essential for exconjugant survival and new macronuclear development.
Oxytricha piRNAs Map Primarily to the Somatic Genome
To identify the genomic source of piRNAs in Oxytricha, we deep sequenced sRNAs captured by Otiwi1 coimmunoprecipitation (coIP) at 12, 19, 23, and 30 hr after mixing of mating types, early conjugation stages when both Otiwi1 and piRNAs are expressed. Otiwi1-bound piRNAs are predominantly 27 nt ( Figure 4A ) and have a strong 5 0 -uridine (U) bias ( Figure 4B ). Sequencing of total sRNA at 20 hr post-mixing of mating types suggests that the 27 nt 5 0 -U piRNAs are the major class of sRNAs during conjugation (Figures 4A and 4B) , consistent with the RNA characterization in Figures 1A and 1B . Total sRNA also displays a minor peak of 21-22 nt ( Figure 4A ), which reflects the less abundant sRNA class detected by radioactive labeling (Figure 1B) . Recently, Zahler et al. (2012) also deep sequenced total sRNA from vegetative and conjugating Oxytricha cells, which provides additional data sets for analysis.
Across all four time points, over 80% of Otiwi1-associated 27 nt 5 0 -U reads map to the Oxytricha macronuclear genome ( Figure 4C ), which represents 5% of the micronuclear genome. Germline-limited TBE1 (telomere-bearing elements) transposons occupy 1% of the germline genome (Witherspoon et al., 1997) but only constitute less than 0.01% of the reads, making them considerably under-represented. Figure 4D shows representative piRNA mappings to typical macronuclear and micronuclear contigs, illustrating that piRNAs map only to MDS regions (see also Figure S4 ). Importantly, some piRNAs span Figures 4D  and S4 ), suggesting that they do not derive from the micronucleus. To further exclude the possibility that these piRNAs might derive from distinct micronuclear piRNA loci, we mapped these 234,585 MDS-MDS junction-spanning sRNAs to a draft micronuclear genome assembly, sequenced to 50-fold coverage (X. Chen, J.R.B., and L.F.L., unpublished data). Only two junction-spanning piRNAs have a perfect match in the micronuclear genome of just 27 nt, which is not very different from 0.14 expected by chance, based on assumptions of sequence uniformity. This study therefore revealed no evidence of piRNAspecific loci in the micronuclear genome.
MDS-MDS junctions (reads spanning cyan boxes in
We do not observe any position bias in piRNA mapping, and a metagene analysis based on 10,497 fully sequenced singlegene chromosomes (Swart et al., in revision) produces a nearly uniform piRNA distribution across entire chromosomes, except for a small depletion toward the ends ( Figures 4E, S5A , S5D, S5G, and S5J). At current sequencing depth, the 27 nt 5 0 -U reads cover 85%-91% of these chromosomes at each of the four time points ( Figures 4F, S5B , S5E, and S5H), and the combined reads from all four time points cover 96% ( Figure S5K ) with a nearequal representation of sense and antisense piRNAs ( Figures  4G, S5C , S5F, S5I, and S5L). We conclude that the entire macronuclear genome may produce piRNAs. Oxytricha piRNAs either originate from the somatic nucleus or undergo selective amplification based on sequence matching to the macronuclear genome, resulting in their over-representation of sequences derived from the somatic genome.
Although piRNAs seem to map preferentially to coding regions compared to subtelomeric regions, we do detect piRNAs mapping to noncoding regions, such as 5 0 and 3 0 UTRs and introns ( Figure 4D) . Furthermore, the piRNA mapping pattern of Otiwi3 at 12 hr post-mixing, when there is no Otiwi3 expression (Figure 1D) , is indistinguishable from those of two constitutively expressed genes, TEBPb and actin I ( Figure 4D ). This argues against a correlation with mRNA expression for these piRNAs.
To further exclude correlation of piRNAs with mRNA levels, we analyzed piRNA mapping to 54 genes that show no expression in Oxytricha at any surveyed time point, based on RNA-seq data from vegetative cells, as well as 0, 10, 20, 40, and 60 hr post-mixing of mating types. The mapping of 27 nt 5 0 -U piRNAs (all four piRNA data sets combined) shows no position bias relative to chromosome location ( Figure S5M ), and the piRNA mapping ''coverage'' is just slightly lower than that from all 10,497 genes (93% versus 96%, Figure S5N ), which again suggests that the 27 nt piRNAs do not primarily derive from mRNA.
Telomere-containing sRNAs were present in the deepsequenced library (0.02%, Table S2 ) but excluded from mapping analysis. A separate analysis of sRNAs containing either ''G 4 T 4 G 4 '' or ''C 4 A 4 C 4 '' telomeric repeats suggests that ''GT'' telomeric reads may be piRNAs because they are 27 nt with a 5 0 -U bias (data not shown), but ''CA'' telomeric reads are not. Given that telomere ends are typically 0.6% of a nanochromosome, the portion of telomeric reads is lower than expected if piRNAs are processed from RNA templates that are telomerecontaining transcripts of macronuclear chromosomes (Nowacki et al., 2008) . Because ''GT'' telomeric piRNAs usually start with nonrepetitive sequences and end in G 4 T 4 repeats (data not shown), they more likely derive from low levels of macronuclear run-through pre-mRNA or mRNA transcripts, rather than TBE transposons, whose telomeric repeats are internal, or micronuclear telomeres with hundreds of such repeats (Prescott, 2000) .
Injection of Synthetic RNAs Corresponding to Normally Deleted Regions Leads to Their Retention
The data so far argue against a primary role for Oxytricha piRNAs in transposon silencing or DNA elimination. Instead, the predominant mapping of piRNAs to the macronuclear genome hints at an orthogonally different pathway, in which Oxytricha piRNAs specify somatic regions for retention during DNA rearrangement. To directly test this possibility, we asked whether synthetic piRNAs whose sequences correspond to normally deleted sequences (IESs) can guide their retention.
Synthetic piRNA design focused on short IESs that could be covered by a single piRNA. We also required a U at the first position and chose regions of modestly higher GC content (25%-30% GC versus IES average 16.2%) to facilitate annealing. We injected synthetic 27 nt sRNA targeting an IES into 20-40 mating pairs at 12-18 hr post-mixing, pooled injected pairs, and allowed them to finish conjugation and resume vegetative growth for 1 week (5-8 divisions) before PCR analysis. In injection experiments targeting four different IESs in three genes (Contig22226.0 IES1, actin I IES4 and IES5, and TEBPa IES5; colored red in Figures 5A , 5B, 5C, and 5D respectively; see also Figure S6A ), the sRNA-injected cells specifically retained the IES whose sequence was present in the injected sRNA, (E) Metagene analysis (n = 10,497) suggests that piRNAs distribute across the entire macronuclear chromosomes. For each mapping, the 13 nt position of a piRNA read is normalized against the length of the corresponding single-gene macronuclear chromosome, with red indicating the mRNA sense strand for protein-coding genes and blue indicating antisense strand. (F) Genome-wide nucleotide representation by piRNA reads suggests that the whole macronuclear genome is converted into piRNAs. For each macronuclear chromosome surveyed, the nucleotide coverage is calculated as piRNA-covered sequence length divided by the contig length, and the distribution of nucleotide representation is plotted for all 10,497 contigs examined.
(G) Genome-wide nucleotide representation by piRNA reads mapping to either sense (red) or antisense (blue) strand of protein-coding genes, as calculated in (F).
Only 27 nt 5 0 -U reads from 19 hr IP were shown for (E), (F), and (G), but the pattern holds for all four time points. See also and injection of either sense or antisense RNA protected the corresponding IES against deletion ( Figures 5A-5D and S6A ).
Single-cell PCR analysis of Contig22226.0 after injection of an sRNA targeting IES1 further revealed that the majority of macronuclear chromosomes in two out of three examined cells displayed efficient IES retention ( Figure S6B ). Injection of a degenerate 27 nt A/U-rich RNA containing all the features of Oxytricha piRNAs showed no IES retention ( Figures  5A-5D ). Furthermore, control injections with a 27 nt singlestranded DNA (ssDNA) of the same sequence showed no IES retention in the progeny (Figures 5A and 5B ), confirming that Figure S6 and sequence alignments of all PCR products in Data S2.
IES retention is a direct effect specific to RNA, and that the protective effect is not simply the consequence of hybridization and subtraction against other functional RNAs that guide DNA rearrangement. The processing of other IESs in the same gene was unaffected by sRNA injection ( Figures 5A-5D and Data S2), suggesting that the protective effect requires sequence similarity. On the other hand, sRNAs containing two IES mismatches can have a protective effect, as an injected sRNA corresponding to a single allele also acted on different alleles of the same gene ( Figure S6C ). Deliberately introduced substitutions on synthetic sRNAs never transferred to the retained DNA ( Figures S6D and S6E ), suggesting that the piRNAs are not the templates for RNA-guided DNA repair (Storici, 2008) during genome rearrangement because substitutions can transfer from the long-template RNAs (Nowacki et al., 2008) . Instead we propose that the Oxytricha piRNAs prevent excision of a DNA segment.
The IES retention induced by sRNA injection is stable for at least five generations of asexual growth in all four injection experiments. We were also able to obtain clonal cell lines with Contig22226.0 IES1 retained, and these were stable for at least 20 doubling times and through an encycstment-excystment cycle (data not shown). Remarkably, when the offspring of injected cells either self-conjugated to produce F2 and F3 cells ( Figures 5A and 5C ) or were backcrossed to a wild-type (WT) parental strain ( Figure 5B ), the sexual offspring in the next generation also retained the IES. We therefore conclude that transient availability of Oxytricha piRNAs can effect heritable DNA sequence change in the somatic genome over multiple sexual generations.
To exclude the possibility that the injected RNA was still present in later generations, and to test whether IES-containing piRNAs were produced de novo in the next generation to mediate the IES retention effect, we deep sequenced sRNA at 19 hr postmixing of the Contig22226.0 IES1 + strain and its WT parental strain. Out of 7 million reads, we detected two 5 0 -U IES-containing piRNAs (26 and 27 nt, respectively; Figures 5E and S6F), neither of which was present in any WT sRNA pool, even though those were sequenced to much higher depth (161 million reads, combined). Furthermore, both RNA sequences are different from the original injected synthetic RNA ( Figure 5E ), which is absent from the sequence pool, suggesting that the transgenerational effect of transient sRNA injection propagates via the production of new, endogenous IES-containing piRNAs. Our discovery that Oxytricha piRNAs can transfer epigenetic information across multiple sexual generations underscores the power of sRNA to influence genome programming and reprogramming.
DISCUSSION piRNA-Mediated Protection against DNA Loss
The most parsimonious model from our experiments is that Oxytricha piRNAs derive from the parental macronucleus, form complexes with Otiwi1 proteins, and tell the developing macronuclear genome which DNA sequences to retain (Figure 6 ). Although this view is conceptually orthogonal to the model where piRNAs target transposon or nonself DNA for silencing or elimination, Oxytricha sRNAs nonetheless provide information to distinguish ''self'' versus ''nonself,'' possibly a common theme in piRNA function. Intriguingly, two groups recently proposed that a class of 22 nt 5 0 -G sRNAs in C. elegans may act as an antisilencing or ''self'' signal (Ashe et al., 2012; Lee et al., 2012; Shirayama et al., 2012) . In Ascaris, a nematode that undergoes chromatin diminution, sRNAs also do not target the eliminated repetitive sequences . It would be very informative to test whether a similar protective role applies to Ascaris and other organisms, either with or without genome rearrangements.
Because piRNAs seem to accumulate relatively early in macronuclear development, and evidence suggests that DNA rearrangements occur later (Mö llenbeck et al., 2008) , it is possible that the ability to distinguish MDS versus IES information transfers from the piRNAs to chromatin at an early stage of macronuclear development, possibly via chromatin or base modifications. This type of epigenetic information transfer occurs in a wide range of organisms and biological contexts, including sRNAmediated heterochromatin formation in S. pombe (Verdel et al., 2004; Volpe et al., 2002) and sRNA-guided DNA methylation in plants (Matzke et al., 2009; Wassenegger et al., 1994) and animals Watanabe et al., 2011) . A mechanism involving histone modification has been suggested downstream of scnRNA-guided DNA elimination in Tetrahymena (Liu et al., 2004 (Liu et al., , 2007 . However, the length of a single MDS or IES in Oxytricha can be shorter than a nucleosome unit, which precludes the ability of a histone-based mechanism to direct precise DNA rearrangements in Oxytricha.
One mechanism we propose for the protective role of piRNAs against DNA deletion in Oxytricha is that piRNAs may ''mark'' MDSs and prevent cleavage at regions of sequence identity. If Oxytricha piRNAs help introduce DNA modifications, then these might serve, for example, as a signal to prevent TBE transposases that participate in DNA rearrangement ) from introducing DNA breaks (Figure 6 ). This model suggests a way in which piRNAs may antagonize transposon activity.
Roles for piRNAs and Template RNAs in Oxytricha Genome Rearrangements
We previously reported that long RNA templates can both program MDS order and transfer point substitutions near MDS-MDS junctions from RNA to DNA (Nowacki et al., 2008) . Here we propose that piRNAs specify retained regions (MDSs) in early genome rearrangement. Although long-template RNA could be processed into sRNA, we propose that the two classes of noncoding RNA act independently for several reasons. First, Figure 6 . Model: piRNA Protects DNA against Loss during Oxytricha Genome Rearrangement During conjugation, the parental macronuclear genome produces long noncoding RNAs that are subsequently processed into 27 nt piRNAs. Otiwi1 loads 27 nt piRNAs and transports them into the developing macronucleus. The Otiwi1-piRNA complex recognizes and helps mark MDS regions for retention. TBE transposase proteins may introduce DNA breaks in IES regions that are then eliminated, and MDS segments fuse to form new macronuclear chromosomes.
although we can successfully reprogram the order of DNA segments with long RNA templates, we have been unable to do so with 27 nt sRNAs that span DNA recombination junctions, despite several attempts (data not shown). Second, artificial long RNA templates can transfer substitutions to the reprogrammed DNA sequence near junctions, presumably via RNA-guided DNA repair (Nowacki et al., 2008; Storici, 2008) , but substitutions on injected piRNAs did not transfer ( Figures S6D and S6E ). These observations suggest that piRNAs are probably not templates for DNA repair and synthesis. In addition, we also detected fewer than expected telomere-containing piRNAs if telomere-to-telomere transcripts (Nowacki et al., 2008) are the main piRNAs precursors; however, we cannot exclude the possibility that Illumina sequence bias produces a paucity of telomeric repeats. We suggest that piRNAs and the long-template RNAs have distinct features and roles to ensure the integrity of the new somatic genome.
Evolution and Comparison to Other Ciliate piRNAs
Ciliates are over 1 billion years old, with the genetic distance between Oxytricha and Tetrahymena close to that between humans and fungi (Parfrey et al., 2011) . In terms of the PiwipiRNA system, the conjugation-specific Piwi proteins show a similar expression and localization profile among Oxytricha, Tetrahymena, and Paramecium (Bouhouche et al., 2011; Mochizuki et al., 2002) , yet the source and function of Oxytricha piRNAs appear orthogonally different from those of Tetrahymena and Paramecium. ScnRNAs in Tetrahymena and Paramecium derive from the germline genome and ultimately target DNA for elimination (Lepè re et al., 2008 (Lepè re et al., , 2009 Mochizuki et al., 2002; Mochizuki and Gorovsky, 2004; Schoeberl et al., 2012) , whereas Oxytricha piRNAs derive from the somatic genome and target sequences for retention. The opposite piRNA targeting in these species makes economic sense in both lineages because in each case, sRNAs predominantly target the minority class of the germline genome, with roughly 5% of the Oxytricha germline marked for preservation, as opposed to 30% of the Tetrahymena and Paramecium germlines that have to be marked for deletion (Arnaiz et al., 2012; Coyne et al., 2012) . This evolutionary ''sign change'' suggests that piRNAs as sequence-dependent guides and their related pathways are extremely plastic on a deep evolutionary timescale, permitting the acquisition of new roles in diverse lineages to improve the efficiency of sRNA pathways or to alter the pathways themselves.
In addition to the drastic difference in biogenesis and function, there are two other major differences between Oxytricha piRNAs and Tetrahymena and Paramecium scnRNAs. First, Paramecium 25 nt scnRNAs have a 5 0 -UNG signature, and the non-5 0 -U scnRNAs have a ''CNA'' motif two nucleotides from the 3 0 end, indicating that scnRNAs form duplexes with 2 nt 3 0 overhangs, processed from dsRNA precursors by Dicer proteins (Lepè re et al., 2009 ). This complementary signature was absent from Oxytricha, and it is unclear whether Oxytricha piRNAs derive from ssRNAs or dsRNAs. In addition, experiments in Paramecium that inject sRNA duplexes with a 2 nt 3 0 overhang can target IESs for deletion, whereas the Oxytricha experiments shown here demonstrate that single-stranded sRNA can target IES regions for retention, suggesting an opposite mechanism. Second, we found that Oxytricha piRNAs lack 3 0 modification, whereas Tetrahymena scnRNAs contain 3 0 end methylation (Kurth and Mochizuki, 2009) . This difference may be part of an evolutionary mechanism leading to two orthogonally different classes of piRNAs in ciliates.
EXPERIMENTAL PROCEDURES Cell Culture and Mating
Oxytricha trifallax strains JRB310 and JRB510 were cultured in Pringsheim medium (0.11 mM Na 2 HPO 4 , 0.08 mM MgSO 4 , 0.85 mM Ca(NO 3 ) 2 , 0.35 mM KCl, pH 7.0) with algae Chlamydomonas reinhardtii as a food source. To induce mating, JRB310 and JRB510 cells were mixed right after food depletion. Cells started to pair 2-3 hr post-mixing, and conjugation efficiency was between 60% and 95%. Post-injection cells were raised in Volvic water.
RNA Extraction and Small RNA Detection
Total RNA was extracted with the mirVana kit (Ambion) following manufacturer's instructions. To detect small RNA, total RNA was separated on a 15% denaturing polyacrylamide gel in 13 TBE buffer and stained with SYBR Gold (Invitrogen). For radioactive labeling, RNA was treated with calf intestinal alkaline phosphatase (NEB), phenol-chloroform extracted, ethanol precipitated, and labeled with g-32 P-ATP using T4 polynucleotide kinase (NEB).
Labeled RNA was separated on a 15% denaturing polyacrylamide gel, which was directly exposed to a storage phosphor screen (GE healthcare) and scanned by Typhoon 9410 (GE healthcare).
Phylogenetic Analysis of Oxytricha Argonaute Proteins
Oxytricha Argonaute genes (Otiwi1-13) were retrieved by using tBLASTn (Altschul et al., 1997) against the current macronuclear genome assembly (Swart et al., in revision) and Tetrahymena TWI1p (GenBank: BAC02573.1) as the query sequence. RT-PCR followed by clone sequencing was used to generate complementary DNA (cDNA) and protein sequences. All 13 Otiwi proteins and selected eukaryotic (accession numbers from Seto et al., 2007) and archaeal (accession numbers NP_248321 and NP_578266) Argonaute proteins were aligned by MUSCLE (Edgar, 2004) followed by manual adjustment, which included deletion of multiple gap positions (see the sequence alignment in Data S1). Phylogenetic analysis was performed using maximum likelihood through the PhyML webserver (Guindon et al., 2010) with default settings and the LG substitution matrix. Bootstrap values were produced by 500 resampled data sets.
Antibody
The antibody used to detect Otiwi1 in western analysis, immunostaining, and immunoprecipitation (IP) is anti-PIWIL1 (Abcam, ab12337), originally raised against the human PIWIL1 protein C-terminal peptide. We performed KD followed by western analysis, peptide competition in immunostaining, and mass spectrometry after IP to verify that the antibody is specific to Otiwi1. Detailed protocols for immunostaining, peptide competition assay, IP, and mass spectrometry analysis are provided in the Extended Experimental Procedures. Anti-tubulin antibody is DM1A (Abcam, ab7291).
Biochemical Analysis of piRNAs
For detecting a 5 0 monophosphate, 40 ng Otiwi1 IP-enriched RNA (23 hr) or control RNA oligonucleotide was incubated with 0.1 U Terminator exonuclease (Epicenter) at 30 C for 1 hr, and the reaction was quenched by adding EDTA (pH 8.0) to a final concentration of 5 mM. The quenched reaction was directly loaded and separated on a 15% denaturing polyacrylamide gel and stained with SYBR gold (Invitrogen) . To analyze 3 0 end modifications, Oxytricha piRNAs were treated with NaIO 4 , followed by b-elimination as described previously (Vagin et al., 2006) .
Antisense KD
To increase the efficiency of targeting, mRNA secondary structures were used to guide antisense oligonucleotide design (Patzel et al., 1999) . The oligonucleotides, at a final concentration of 30 mg/ml, were injected into cytoplasm right after pair formation (2-4 hr post-mixing). To verify the KD effect, total RNA was extracted at 10-11 hr post-mixing for RT-qPCR analysis (Figure S3A) . We also collected cells at 10 hr and 18 hr post-mixing for western analysis after Otiwi1 KD ( Figure S3B ). See Extended Experimental Procedures for verification of KD by RT-PCR and western analysis.
Survival and Developmental Characterization of Otiwi1 KD After antisense injection, 20-28 pairs were collected into one droplet (0.2% BSA in Volvic water) on a coverslip, covered with oil. We then observed and counted cells using light microscopy at 12, 24, 28, and 48 hr post-mixing. Student's t test was used to compare the number of rounded cells at 24 hr based on four independent KD injections. In Figures 3C-3J , single cells at 24-28 hr post-mixing were isolated into droplets, fixed with Methanol:Acetic acid (3:1), stained with DAPI, and imaged with laser-scanning confocal microscopy at the Princeton University Microscopy Facility. (David et al., 2011) . The total sRNA library at 20 hr post-mixing was prepared following the Illumina Small RNA v1.5 Sample Preparation guide and sequenced on an Illumina Genome Analyzer IIX (54 cycles, single-end reads). See the Extended Experimental Procedures for details of sequencing data processing and analysis.
Synthetic RNA and DNA Oligonucleotide Injections for IES Retention Experiments RNA and DNA oligonucleotides were synthesized by IDT with standard desalting. Oligonucleotides were dissolved in nuclease-free water (Ambion) to a final concentration of 20 mg/ml, heated to 65 C for 1 min, and chilled on ice before using. Paired cells between 12 and 18 hr post-mixing were isolated in single droplets on coverslips and covered with mineral oil during injection. For each oligonucleotide, the cytoplasm of both cells from 20-40 pairs were injected, and all pairs pooled together at the end of injection. Cells were examined for donut shape between 36 and 48 hr post-mixing, and morphologically vegetative cells were removed. The pooled injected cells gave rise to a starting population of 5-20 cells 3-4 days post-mixing when they started vegetative division. At 7-8 days post-mixing when genomic DNA was extracted, the final population varied between 50 and 300 cells depending on the cell conditions. DNA equivalent of that from 0.5-3 cells was used in each PCR reaction. For single-cell analysis, single cells were hand-isolated in 1 ml medium from the injected population on day 7 and directly used in PCR. For F2 analysis, F1 cells were cultured vegetatively for 10-20 days (or 10-40 generations) in pools that we described above. We then starved them to induce conjugation. Conjugating pairs were hand-isolated and pooled in a separate well. We allowed the conjugation to proceed and vegetative growth for at least 5 days (5-10 generations) before genomic DNA extraction. When we could not induce F1 cells to mate with each other, we then tried to induce conjugation between F1 cells and the WT JRB310 or JRB510 parental strain, which usually gave higher mating efficiency. Contig22226.0 IES1 + F2
and F3 derive from a mating between individual F1 and F2 cell lines, respectively.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, six figures, two tables, and two data files and can be found with this article online at http://dx.doi.org/10.1016/j.cell.2012.10.045.
ACCESSION NUMBERS
Otiwi protein sequences are available with GenBank accession numbers JN604928-JN604940. The raw and processed sRNA sequencing data have been deposited in NCBI's Gene Expression Omnibus (Edgar et al., 2002) with the GEO accession numbers GSE35018 and GSE40081.
